Comparison of UWED, UMED, and other open-source potentiostats

Acronyms
We list the definition of abbreviations and acronyms used in this work in Table S2 . Figure S1 shows the circuit diagram of Universal Wireless Electrochemical Detector (UWED).
Hardware Design
We designed the circuit diagram and PCBs of UWED in the free educational version of PCB layout software, EAGLE 7.3.0 (CadSoft Computer GmbH).
We hand-soldered the components to the PCB board, using a fine soldering iron tip. We inspected the soldered PCB board with a microscope and a multimeter, to ensure there are no accidental short-circuits and false connectivities. We designed the UWED case in AutoCAD 2013 and fabricated it with ABS plastic, using a 3D printer (StrataSys Fortus 250mc). The total cost of circuit components in UWED was 58 USD plus about 10 USD for the external LiPo charger. We had ordered the circuit components in the minimum number that distributors offered. The price of UWED can be decreased by 75% (15 USD) by ordering the components in larger quantities. Changing the scale of ordering the components would decrease the price per item and also make less expensive brands available for purchasing. Table S5 provides a list of options and prices of components for large scale ordering.
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Figure S1
. Circuit diagram of UWED. Table S3 lists the details of components. PADS identify the flat metallic areas on the PCB board that can be used for soldering external components to the PCB board. We used PADS to make wire connections to the PCB board. PADS1 shows the connection to the battery, PADS2 shows connections for firmware programming, PADS3 shows connections to reference and counter electrodes, and PADS4 shows connections for the working electrode and ground. The design includes three alternative configurations. The components of these alternative configurations are not connected (NC) in the final design of the UWED, but are discussed in Table S3 . Figure S2 . A schematic design of the PCB drawn with the free version of the Eagle program. The PCB source files in the Eagle format are provided as supporting materials. Prior to ordering the PCB, we validated the design with Silver Circuit's design rule check (DRC). Figure S3 . The components of UWED, circuit board, electrode connector, battery, and 3D-printed case, before the assembly. 
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Firmware
To run a potential scan, scan is defined in a sequence of well timed (∆ ) steps ( ) in which the voltage can be adjusted in increments (∆ ) and response current ( ) is measured and transmitted.
We have implemented possibility for different increments in case of odd (∆ ! ) and even (∆ ! ) steps. This design allows creating electrochemical techniques, such as: i) chronoamperometry (CA), where ∆ ! = ∆ ! = 0, current is measured at constant potential; ii) cyclic voltammetry (CV), where ∆ ! = ∆ ! = ∆ • and v is scan rate; iii) square wave voltammetry (SWV), where
and v is the scan rate and A is square wave amplitude.
Time (∆ ) can be also varied depending on odd or even steps for the purpose of differential pulse voltammetry (DPV). Other protocols can be constructed as a sequence of these individual scans.
It is possible to change the RFDUINO firmware for entirely different types of excitation signals. To begin the communications, the mobile phone or tablet sends the command "X(number)" to UWED, where "X" is the command code that denotes a single uppercase character in the range [A-Z], and the "number" represents a numerical value in long type (32-bit signed integer).
Once UWED receives the command, it responds back by sending the command "Iysequence" to the mobile phone or tablet. "I" is an index in the range of '0' to '9' that counts the number of messages sent by the UWED. "y" is the response code and is a single lowercase character in the range [a-z]. The "sequence" has maximum 18 characters. UWED responds to every command (sent by the smartphone) by acknowledging that the command was received; to do so, UWED sends the same small character and ":DONE" (i.e. k:DONE) back to the smartphone. Table S6 summaries the input commands.
When UWED receives the command "M(number)", is starts the electrochemical measurement and sends the measured values back to the smartphone in the data return format. Table S7 lists the data structure of the return. Step index (16-bit unsigned int binary). Higher bits come first 19:20 0. Reserved In the measuring mode (when command M is running), we do not expect to change the working potential during the run, but only the reference one, reason that working potential is not transmitted for each, but only even steps. Figure S6 . Example of graphical user interface (GUI) on tablet (iPad Mini).
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Electrical Characterization of UWED
Potentiometric mode
In the potentiometric mode, we connect the reference and counter electrodes together and set the reference electrode DAC value to 22606 (potential about + 1.5 V).
The control of the working electrode potential is disconnected in the potentiometric mode.
Thereafter we adjusted the potential applied to the working electrode (relative to reference) using 100 kΩ potentiometer and 1.5 V AAA battery. We measured the voltage using digital multimeter Fluke 77IV and recorded the ADC value. We found the linear calibration of voltage and ADC value to be: V[mV]=0.0503ADC-1537.5. The digital resolution of one ADC unit is 50.3 µV. We measured input noise level of 110 µV at sampling rate 20 Hz.
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Amperometric mode
Figures S7, S8, and S9 show the linearity and noise of UWED. Figure S7 . The calibration of electrode potential. We set the DAC value of the working electrode to 22500 (about 1.5 V), and scanned the DAC value of the reference electrode in the range of 0-48000. Values higher than 48000 will saturate the output. We measured the output voltage using Keithley 2410 Sourcemeter. UWED can cover a range of -1.5 V to +1.5 V potential difference between the working and reference electrodes. We fitted the data to a linear function (y=ax+b), where a=-0.06700±0.00096 mV/digit and b=1510±17 mV (variations are comparison between 3 different devices). Maximum deviation from linearity was 1 mV and output noise about 0.5 mV.
The zero point of ADC was 22538±66. Figure S8 . Measurement of current response. We measured the current in potential window of - The commercial potentiostat shows small steps (<100 nA) in current values, which correspond to automatic changes of current range and some gradual drift between scans (total about 1.5 µA over three scans). The exact origin of the drift in the case of the commercial device cannot be interpreted at this time.
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Power consumption and battery
We measured the battery consumption using a digital multimeter Fluke 77IV. The current battery (240 mAh) should be sufficient for 45-60 h of measurements. 
Comparison between performance of UWED and commercial benchtop potentiostat
We used a commercial screen-printed three-electrode cell (DRP-110CNT-GNP, DropSens, Llanera, Spain) for performing the chronoamperometry (CA), square wave voltammetry (SWV), and cyclic voltammetry (CV) on ferricyanide. This electrode contains a carbon (modified with gold and carbon nanotubes) working electrode, carbon counter electrode, and silver reference electrode. We performed the CA, SWV, and CV experiments with UWED and the benchtop commercial potentiostat (AutoLAB, PGSTAT12, Metrohm), and compared the performance of the two. For each measurement, we placed 40 µL of fresh solution of ferricyanide on the working zone of a screen-printed electrode. We prepared the solutions of potassium ferricyanide containing 1 mM KH 2 PO 4 , 56 mM Na 2 HPO 4 , 150 mM NaCl, pH 7.4, and 10 µM to 10 mM ferricyanide. For the chronoamperometry experiments, we applied a potential of 100 mV to the working electrode (vs the reference electrode), and recorded the current (from 0.5 s to 5 s). We S24 measured the cyclic voltammograms of ferricyanide using concentrations from 10 µM to 10 mM, at scan rates from 20 to 300 mV/s. We recorded the square wave voltammograms of ferricyanide at concentrations ranging from 10 µM-10 mM. We scanned the potential of the working electrode from 0.4 to -0.2 V at a scan rate of 50 mV/s (5 mV steps), with an amplitude of 25 mV and frequency of 10 Hz.
We tested the potentiometric mode of UWED using in-house built K + and Na + ion-selective electrodes (ISEs). We fabricated the ISEs according to protocols established in the literature.
5,6
We used a double-junction free-flow Ag/AgCl reference electrode (Metler Doledo DX200) with an inner-filling solution of 3 M KCl and bridge electrolyte of 1 M lithium acetate. We measured the electrical potential of the ISEs in series of NaCl and KCl solutions with concentrations ranging over six orders of magnitude (100 mM-100 nM). We compared the potentials measured with the UWED and with a commercial precision electrochemical EMF interface (EMF 16, Lawson Labs Inc). We placed the ISEs in the K + or Na + solutions for 60 s, and collected the data over the last 30 s. 
Fabrication of ion-selective electrodes:
We fabricated the ion-selective electrodes according to protocols established in the literature. 5, 6 We first prepared the ion-selective membrane (ISM). We dissolved the membrane components into 7 mL of THF, stirred the solution for two hours to obtain a homogenous mixture, and poured this mixture into a Petri dish (5 cm diameter), and allowed the THF to evaporate overnight to form the ISM. wt. %), and NaTFPB (0.44 wt. %) with a 2:1 molar ratio of ionophore to NaTFPB.
We cut the ISM (approximate thickness of ISM 200 µm) into small circular pieces (≈1 cm in diameter), wetted one end of the PVC electrode body (Tygon tubing, ≈0.9 cm diameter) with 50 µL of THF, and pressed the ISM on the wetted area of the tube to seal the end of the tube with the ISM. We filled the tube with 10 mM KCl for the K + ISEs and with 10 mM NaCl for the Na + ISE, inserted an AgCl-coated Ag wire in the tube, and sealed the end of the tube with Parafilm.
We stored the electrodes in solutions identical to their inner-filling solutions.
Results
Figures S10 and S11 show electrical potential of K + and Na + ISEs, measured with UWED and commercial potentiometer. Figure S12 between the UWED and commercial potentiostat was <1.5 mV. Figure S13 shows the final calibration curve of the Na + ISE where the potential of the ISE is plotted with respect to log concentration of Na + ; We see similar results from the UWED and the commercial potentiometer. 
Chronoamperometry (CA)
Experimental Description
Measurements: We used a commercial screen-printed three-electrode cell (DRP-110CNT-GNP, DropSens, Llanera, Spain) for performing the chronoamperometry on ferricyanide. This electrode contained a carbon (modified with gold) working electrode, carbon counter electrode, and silver reference electrode. We placed 40 µL of fresh solution of ferricyanide on the working zone of the screen-printed electrode, applied a potential of 100 mV to the working electrode (vs the reference electrode), and recorded the current (from 0.5 s to 5 s) with the UWED and a benchtop commercial potentiostat (AutoLAB).
Preparation of solutions:
We prepared solutions of ferricyanide (10 mM to 10 µM) in a PBS buffer (Lonza, Walkersville, MD, 1 mM KH 2 PO 4 , 56 mM Na 2 HPO 4 , 150 mM NaCl, pH 7.4). Figure S14 shows the chronoamperograms of ferricyanide at concentrations ranging from 10 mM to 25 µM. There is excellent agreement between data obtained by the uWED and the commercial potentiostat at concentrations of 2.5 µM-2.5 mM ferricyanide. At concentrations of 5-10 mM the current exceeds the current range of UWED (maximum 180 µA), and causes deviation between measurements of UWED and the commercial potentiostat. Figure S15 
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Results
Cyclic Voltammetry (CV)
We measured CVs using a commercial screen-printed three-electrode cell (as described in Section 
Square Wave Voltammetry (SWV)
We measured square wave voltammograms using a commercial, screen-printed, three-electrode cell (as described in Section 7.2.1) in solutions of ferricyanide (solution preparation described in Section 7.2.1), with UWED and a benchtop commercial potentiostat (AutoLAB). Figure S18 shows that at concentrations of 5 mM or less ferricyanide the peaks measured by uWED and the commercial potentiostat are in good agreement. At high concentrations (7.5 and 10 mM) the current exceeds the maximum of current range of UWED, and causes the double-peak looking artifact. Figure S19 shows that the theoretically-expected linear relationship between the peak height of the square wave voltammograms and the concentration of ferricyanide.
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Figure S18. Square wave voltammograms of ferricyanide at concentrations ranging from 10 µM-10 mM. We scanned the potential from 0.4 to -0.2 V at a scan rate 50 mV/s (5 mV steps), with amplitude of 25 mV and frequency of 10 Hz.
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Figure S19. Linear correlation of peak height of the SWV with the concentration of ferricyanide.
(A) shows the full range of 0-10 mM, and (B) shows a zoomed-in range of 0-1 mM.
Additional Resources
Separate .zip file contains following folders and files o GerberFiles/ -Folder containing board design in Gerber format (used for manufacturing). This folder contains files: UWED.cmp, UWED.dpv, UWED.sol, UWED.stc, UWED.sts and Gerber files explanation.pdf describing exactly each Gerber file.
• Firmware -folder is containing the Arduino firmware • Code_as_pdf -folder is containing all the software code (firmware and apps) as pdf files.
Video (UWED.mov) is showing an example of device operation (CV).
